In the context of the LAUE project devoted to build a long focal length focusing optics for soft gamma-ray astronomy (70/100 keV to >600 keV), we present results of simulation of a Laue lens, based on bent crystals in different assembling configurations (quasi-mosaic and reflection-like geometries). The main aim is to significantly overcome the sensitivity limits of the current generation of gamma-ray telescopes and improve the imaging capability.
Takagi-Taupin(TT) Equations
Using TT equations, 10, 11 the behavior of the electromagnetic field inside the crystal is described. Following Sanchez del Rio et. al. [9] , these equations are given by:
where D 0 and D h respectively are the amplitudes of the transmitted and diffracted fields, k is the wavevector, h is the reciprocal lattice vector, u is the displacement vector of the deformation, and
, k h and k 0 are the diffracted and transmitted wavevectors respectively.
The solution of these equations gives the diffracted and transmitted beams of a distorted crystal. Different methods have been adopted to solve these equations for the Laue as well as for the Bragg case [8] . Sanchez del Rio et. al. [9] has given the numerical solution of these equations using Finite Element Method(FEM).
Penning-Polder(PP) Method
In this method, put forth by Penning and Polder [12] , the complete bent crystal is assumed to be made of many perfect crystal-parts. Then the dynamical theory of undistorted crystal is applied to all these perfect crystal-parts. The X-ray beam is assumed to be propagating through the distorted crystal as a pseudo-plane block wave, i.e. PP method exploits the wave nature of X-rays inside the crystal. This theory also assumes that, while passing from one part of the crystal to the next, the wavefield is preserved. This method is only applicable to the Laue case due to the anomalous absorption effect on the total reflection angle.
Following the paper by Sanchez Del Rio et. al [9] , the reflectivity of a symmetric crystal is given by:
Where ξ i represents the ratio of amplitudes of the transmitted and diffracted plane wave components, the subscripts i and e represents the entrance and exit surface respectively. For an elastically isotropic crystal, the strain gradient is given by:
Where all the parameters has the same meaning as given by [9] .
Malgrange's extension of PP theory
The Malgrange treatment is an extension of the Penning-Polder method. It is valid for bent crystals having large and homogenous curvature radius. In this theory the strain gradient β describes the distortion of the diffraction planes and is given by:
where Ω is the total bending angle. It corresponds to the FWHM of the angular distortion distribution of the lattice planes, in case of quasi-mosaic crystals. T o is the thickness of the crystals and δ is the Darwin's width. , where Λ 0 is the extinction length, the intensity of the diffracted wave decreases because of the creation of a new wavefield. For a uniform curvature C p of the lattice planes across the crystal thickness and with the condition that the value of the strain gradient β is larger than the critical value β c , the peak reflectivity, R peak of the curved crystal is given by:
where
hkl is the spacing of the lattice planes (hkl), μ is the absorption coefficient at a given energy and θ b is the Bragg angle. This equation has been used to simulate the performance of the Laue lens petal prototype using bent crystals in this paper.
MATERIAL SELECTION AND CRYSTAL GEOMETRY
Bent crystals of Ge (111) and GaAs(111) have been selected for the LAUE project, both in transmission configuration. One of them (GaAs) has a mosaic structure with about 20 arcsec mosaicity, while the other (Ge) is a perfect crystal that has been bent. The bending technology adopted for Ge is the surface grooving, 5 while that adopted for GaAs is a lapping process. 4, 6 The selected tiles will be provided respectively by the "Laboratorio Sensori e Semiconduttori" (LSS) of Ferrara and by the "Istituto Materiali per Elettronica e Magnetismo" (IMEM) of Parma (Italy). A description of the material's properties is given in the Table 1 .
We have investigated the expected reflectivity of these two families of crystals. While GaAs has a mosaic structure, Ge(111) shows a quasi-mosaic structure (see Ref. 13 Indeed, from the dynamical theory of diffraction of bent crystals, it results that the bending of a perfect crystal creates a curvature of the lattice planes (111) of Ge, with a ratio between the internal curvature and external curvature radii of 2.6. This gives rise to a quasi-mosaic configuration of the bent crystal (see Fig. 1 ). This effect is not valid for all lattice planes. For example, if the diffracting planes in transmission configuration are (220), the quasi-mosaicity is created.
The advantage of bent perfect crystals is that their reflectivity exceeds the theoretical limit of 50%, valid with for flat perfect crystals.
Concerning mosaic crystals like GaAs, the reflectivity limit of 50% is still conserved, even if their are bent. The advantage of bending is its focusing capability. When a mosaic crystal is bent, the mean crystallite Gaussian distribution is expected to continuously change along the crystal (Fig. 2) . Experimental tests confirm the expectations. Using the Malgrange theory for bent crystals, the extinction length was determined for potentially suitable materials. In Figure 3 , it is shown the variation of the extinction length Λ b 0 of bent crystals as a function of the energy for Si(111) and Ge(111), for different values of the internal curvature.
Unfortunately bent crystals of Si(111) cannot be used for LAUE project. Indeed bent Si(111) with, e.g., an angular spread of 10 arcsec, shows an extinction length of ∼ 1 mm and 3.8 mm at 100 and 200 keV, respectively. Given that the thickness requested for getting a good reflection efficiency requires a few extinction lengths, it results that the thickness requested for Si(111) ranges from 3 to 12 mm, going from 100 keV to 200 keV, respectively. Unfortunately curved crystals of Si(111) with such thicknesses are not attainable due to the limitation of the current bending technology.
The smaller extinction length of curved Ge(111) makes the required thickness (about 2 mm) feasible.
The relation between the thickness and the energy for bent mosaic GaAs has also been reported in Figure 4 . Both (111) and (220) planes of GaAs, with 20 and 30 arcsec, are compared. Tiles made of bent GaAs will be used at low energies (< 150 keV), where a thickness of 2 mm is more than satisfactory, with an angular spread of 20 arcsec.
LENS PETAL PROTOTYPE
Samples of bent Si(111) with quasi-mosaic structure and of bent GaAs (111) with quasi-mosaicity, have been tested in the small LARIX facility of the Physics Department of University of Ferrara, with preliminary results reported in Ref. [13] .
The designed Laue lens is made of 20 petal structures of equal surface area, each one with a subtended angle of 18 . As a result of the LAUE project, one of these petals will be built with properties as reported in Table 2 Crystal tiles, selected for LAUE project, are requested to show a rectangular cross section of 30 × 10 mm 2 , with the longer dimension being set radially along the lens radius. Depending on the current beam-line (with a diameter of 60 cm) and on the available X-ray source for building and testing the petal (Max. energy of 320 keV), the lens petal has been designed to focus energy in the range ∼ 100 -300 keV. The petal prototype will be built inside the newly developed LARIX facility installed at the Physics Department of the Ferrara University. A sketch of the facility is shown in figure 5 . Refer to Frontera et. al. [14] for more detailed information about the facility. Figure 5 . The larix facility where the lens petal prototype will be build.
As illustrated in Figure 6 , the petal will be made of Ge(111) placed at lower radius (for higher energies) and GaAs(111) crystals at higher radius (for lower energies). In order to maximise the effective area of the lens, the gap between the tiles was set to be less than 0.5 mm, also taking into account the process of placing the tiles side by side on the lens frame. Using a proper python software for simulation of the overall behaviour of both the lens petal and the total Laue lens, the effective area has been calculated and it is shown in Fig. 7 . 
CONCLUSIONS
The Laue project devoted to build Laue lenses for hard X-/soft γ-rays represents an important step forward in the X/Gamma-ray Astronomy, being the first attempt to use bent crystals to build Laue lenses for space applications. Focusing the radiations is so far the only possibility to increase the sensitivity and imaging capability (in terms of PSF) with respect to the current missions. Our goal is to achieve, in the operational band of the Laue lens(80 -600 keV) a sensitivity of a few times 10 −8 photons cm −2 s −1 keV −1 .
In this paper, simulations were perfomed on the basis of Malgrange's expansion of Penning-Polder theory for curved crystals to estimate the best thickness to be used for building a Laue lens petal focusing X-rays in the 100 -300 keV energy band.
The sensitivity of the petal prototype depends upon the Point Spread Function (PSF) which is significantly improved using bent perfect and bent mosaic crystals in place of flat mosaic crystals. In addition, the lens sensitivity increases proportionally to the effective area that has been simulated both for the petal and for the entire lens. We expect to present these results in the next SPIE plenary conference in San Diego, 2013.
